Hepatitis C virus (HCV) is a hepatotropic RNA virus responsible for the majority of cases of posttransfusion and community-acquired chronic non-A, non-B hepatitis in the United States (4, 5) . It causes persistent infection in more than 90% of infected people, and up to 70% of these individuals develop progressive liver disease over a 20-to 30-year period (18, 34 ). An estimated 3.9 million people in the United States are currently infected with HCV, and it is the leading etiology of end stage liver disease resulting in liver transplantation in the United States (3, 9) . HCV was originally identified by cloning RNA from the liver of a chimpanzee with chronic non-A, non-B hepatitis, expressing the cDNA, and identifying cross-reactive antibodies in the original animal serum and in sera from well-characterized human patients with non-A, non-B hepatitis (5, 8, 27) . Commercial immunoassays were subsequently developed to detect antibodies against structural and nonstructural viral proteins (10, 25, 38) , and later improvements have increased the sensitivity and positive predictive value of HCV antibody testing (1, 7, 16, 22, 24, 26, 41) .
Although current immunoassays are successful in detecting most cases of chronic HCV infection, a significant percentage of antibody-negative individuals (up to 5% of blood donors with elevated alanine aminotransferase levels) test positive for HCV RNA by serum or plasma nucleic acid amplification methods (4, 36, 39, 44) . Our laboratory developed a method to detect HCV RNA in whole blood by using a cationic surfactant to precipitate RNA from whole blood (30) . We found that the amount of HCV RNA in whole blood was significantly higher than that present in plasma, and that plasma-based assays significantly underestimate the circulating HCV viral load (31, 33) . Using this whole-blood-based HCV RNA detection system in patients from our liver clinic population, we found that the majority of people with unexplained chronic liver disease and negative HCV antibody tests were actually infected with HCV (32). Dries et al. recently confirmed our findings in another population of chronic liver disease patients (12) . These investigators evaluated liver biopsy specimens from 44 patients with chronic, HCV antibodynegative liver disease and found that 61% of the specimens contained HCV RNA (12) . These serosilent HCV infections probably contribute to the small-but-persistent risk of posttransfusion and community-acquired HCV infection.
We evaluated the distribution of HCV RNA among plasma and various cellular compartments in peripheral blood and determined that blood contains significantly more viral RNA than adjusted equivalent volumes of plasma or blood cells (33) . Thus, measurement of whole-blood HCV RNA appeared to be more sensitive than measuring plasma HCV RNA (12, 33, 40) . There are several potential reasons why whole-blood RNA contains a higher concentration of HCV than plasma. Although there are conflicting data regarding the replication of HCV in any of these cell types (6, 14, (19) (20) (21) 23 ), HCV RNA is present among circulating lymphocytes, neutrophils, and monocytes and in the erythrocyte-platelet pellet (33) . We predicted that the increased HCV RNA concentration was due to the addition of cell-associated HCV to plasma in the wholeblood preparation; however, we found that the intracellular HCV RNA accounted for only approximately half of the additional HCV RNA in the cell pellet (33) . The remaining HCV RNA was removed by extensive washing of the cell pellet. Thus, we speculated that this cell-associated HCV RNA results from HCV-lipoproteins or HCV-immunoglobulin complexes that precipitate during plasma preparation (17, 33, 37) .
The purpose of this study was to further validate our findings that whole-blood-based HCV RNA detection is more sensitive than plasma-based HCV RNA detection, to directly compare whole-blood-based HCV RNA detection with a widely used and validated commercial assay, and to determine if commercial assays can confirm the finding of HCV RNA in the whole blood of patients who are HCV antibody negative. To accomplish this, we prospectively studied HCV antibody-positive and HCV antibody-negative patients with chronic liver disease. We then directly compared the use of whole-blood-and plasmabased HCV RNA detection systems with a commercial HCV reverse transcriptase (RT) PCR method. Our results confirm the increased sensitivity of whole-blood-based HCV RNA detection relative to plasma-based and commercial methods and demonstrate the feasibility of utilizing whole-blood RNA in currently available commercial assays.
MATERIALS AND METHODS
Patients and sample collection. Subjects with chronic liver disease followed by the University of Iowa Liver Clinic were invited to participate in this study. All patients had previously been tested for antibody to HCV, and subjects were selected for recruitment by using a ratio of two antibody-positive patients for each HCV antibody-negative subject. Chart review revealed that none of the patients were organ transplant recipients or clinically immunosuppressed due to known congenital or acquired immune deficiencies or medications. Five patients were receiving interferon therapy for chronic HCV infection at the time of blood sampling. These subjects had received 3 million units thrice weekly for more than 2 months at the time of sampling, and their serum transaminases were normal. In subjects who had previously undergone percutaneous liver biopsy, the original interpretation of the histopathologic findings was used for analysis in this study.
Whole blood (anticoagulated with acid citrate dextrose) was collected as previously described and processed within 2 hours of collection (30, 33, 43) . The samples were assigned code numbers, and HCV RNA testing was completed with laboratory personnel blinded to subject identity and HCV antibody status. Five 200-l aliquots of whole blood were each mixed with 1.0 ml of Catrimox reagent prior to plasma separation (600 ϫ g; 10 min at 4°C) (30) . Aliquots of plasma, plasma added to Catrimox (200 l to 1.0 ml), and whole blood plus Catrimox were frozen at Ϫ80°C (30, 32) . Plasma instead of serum was chosen for comparison with whole blood because it could be prepared from the sample of citrated whole blood, thus allowing direct comparison of whole blood and plasma from the same sample tube. In addition, plasma is specified by the Amplicor assay, and like others (28, 32, 33) , we found that plasma-based HCV RNA testing was as sensitive or slightly better than serum-based HCV RNA testing (data not shown). The study was approved by the University of Iowa Institutional Review Board (Committee A), and informed consent was obtained from each patient.
RNA extraction and HCV RT-PCR assays. RNA was prepared from the Catrimox precipitate as previously described (30, 33) . Briefly, the Catrimox-RNA precipitate was washed twice with diethyl pyrocarbonate-treated H 2 O and extracted with acid-buffered phenol and 4 M guanidinium isothiocyanate reagent. Following ethanol precipitation, whole-blood and plasma RNAs were amplified by our in-house method, which employs nested oligonucleotide primers derived from the highly conserved 5Ј nontranslated region (NTR) of the virus (30) . Unless noted otherwise, 25% of the initial whole-blood or plasma sample was used in the RT-PCR. Thus, the RNA template represented the amount of RNA present in 50 l of the original whole-blood or plasma sample. Amplification conditions were not changed from those previously described (30, 32, 33) . DNA products (250 bp) were detected by ethidium bromide following electrophoresis on a 1.5% agarose gel (30) . The lower limit of detection of HCV RNA in our whole-blood assay was approximately 240 genome equivalents/ml of plasma, as previously described (33) .
Rigorous standardization of reagents, sample preparation, and thermocycling parameters were employed to control for known variations in PCR efficiency (11, 29, 30, 32, 33) . All RNA samples were assayed with the same RT-PCR reagent mix, and plasma and whole-blood specimens from the same blood sample were always evaluated together. A positive control sample was evaluated in each assay, and two negative control preparations consisting of no template (water) and known HCV RNA-negative plasma samples were also evaluated to assess contamination.
Commercial HCV RNA assays. The Amplicor HCV test was used in these studies as recommended by the manufacturer (Roche Diagnostic Systems, Branchburg, N.Y.). RNA was prepared from the frozen plasma aliquots as recommended. The assay uses 50 l of a 1:10 dilution of RNA extracted from 100 l of plasma, thus representing 5 l of the initial plasma sample. The Roche Amplicor test utilizes primers from the HCV 5Ј NTR to amplify the HCV genome in RT-PCRs. The negative sense primer is biotinylated, and amplicons are captured on HCV-specific oligonucleotide primers bound to the wells of microtiter plates. Detection of HCV amplicons is done with a primer-specific avidin-horseradish peroxidase conjugate, with subsequent determination of absorbance following incubation with substrate provided by the manufacturer. Positive and negative control samples provided by the manufacturer were included as recommended. A single technician qualified by Roche in the performance of the Amplicor HCV RNA test system carried out the tests in this study. The average limit of detection of the Amplicor test is ϳ200 genome equivalents/ml of plasma.
Cloning and sequence analysis of PCR products. Where indicated, PCR products were separated by agarose gel electrophoresis, visualized by ethidium bromide staining, excised, and purified with the Promega (Madison, Wis.) DNA purification system kit. The fragments were ligated into pCR@2.1 (Original TA cloning kit; Invitrogen, Carlsbad, Calif.), and plasmid DNA was sequenced with primers complementary to the T7 polymerase or the M13 universal primer sequences present in the vector. Automated fluorescent dye terminator cycle sequencing was performed by the University of Iowa DNA Core Facility (DNA automatic sequencer model 373A; Applied Biosystems, Foster City, Calif.). Using the sequences obtained and additional published sequences, we constructed phylogenetic trees to clarify the relationships between the HCV isolates and our laboratory positive control specimen. Nucleotide sequences were aligned, and the computed distances were used to construct phylogenetic trees by using the neighborjoining method (DNAMan Software; Lynnon BioSoft, Quebec, Canada).
RESULTS
Fifty subjects (34 HCV antibody positive and 16 antibody negative) were prospectively enrolled in the study. HCV antibody-negative subjects were significantly older than HCV antibody-positive subjects (57 versus 46 years old; P ϭ 0.003 [t test] [SigmaStat for Windows version 2.0; Jandel Scientific Software]). Males were represented significantly more frequently than females in the HCV antibody-positive group (65%) compared to the HCV antibody-negative group (25%; P ϭ 0.005 [chi-square test with Yates correction] [SigmaStat]). In addition, alanine aminotransferase values were significantly higher in the HCV antibody-positive group (154 IU/ml versus 81 IU/ml; P ϭ 0.025 [Mann-Whitney rank sum test] [SigmaStat]). Twenty-four (71%) of the 34 HCV antibody-positive and 8 of 16 (50%) HCV antibody-negative patients had previously undergone liver biopsy at our institution in order to evaluate the etiology and activity of their hepatitis. In subjects who had more than one liver biopsy, the most recent biopsy was used in the analysis. In this group of patients referred for chronic liver disease, there were no differences between the amounts of inflammation or fibrosis noted in the HCV antibody-positive and -negative groups.
To insure that the whole-blood tests and both methods of testing plasma were performed on the same blood sample from each patient, a single tube of blood was obtained and labeled with a code to blind the laboratory investigators to the subject's identity and plasma and whole-blood aliquots were prepared and stored under identical conditions. Samples of whole blood mixed with Catrimox and plasma mixed with Catrimox were tested by our in-house RT-PCR test. A plasma aliquot was also tested by the Roche Amplicor test by the University of Iowa Clinical Virology Laboratory. Neither laboratory knew the other laboratory's results until all 50 patients were studied. Among HCV antibody-positive individuals, 85% of wholeblood samples, 77% of plasma-Catrimox samples, and 74% of Roche plasma assays were positive (Table 1) . When we re-viewed the clinical records of these 34 subjects, all 5 of those who were negative by the whole-blood-based test were receiving and responding to interferon therapy at the time of testing and had tested positive by both whole-blood and plasma methods prior to therapy. All five of these subjects were also negative by plasma testing.
HCV RNA was detected in the whole blood of 6 of 16 HCV antibody-negative individuals (Table 1) . Only 2 of 16 subjects had HCV RNA detected by the plasma-Catrimox method, and only 1 of these was also positive by the Roche assay (Table 1) . Cryoglobulins are detected in approximately 40% of individuals with chronic HCV infection (2). These large virus-antibody complexes are likely to precipitate with the cellular pellet during plasma preparation and may lead to false-negative HCV antibody tests and plasma HCV RNA determinations (17, 33) . We therefore reviewed the medical records of the antibodynegative subjects for evidence of cryoglobulinemia. Both of the subjects with HCV RNA in their plasma were found to have cryoglobulinemia. One additional subject with cryoglobulinemia was identified, and this subject tested positive by wholeblood-based HCV RNA testing, although the plasma samples tested negative by both methods. Thus, three of the six HCV antibody-negative subjects in whom HCV RNA was detected had cryoglobulins present in their plasma. Liver biopsy results were available for four of these antibody-negative, RNA-positive subjects. One biopsy was interpreted to include "autoimmune" features (in a subject with cryoglobulinemia). Another biopsy was read as primary biliary cirrhosis, and the remaining two were interpreted as hepatitis of unknown etiology.
When the HCV RNA test results of both HCV antibodypositive and -negative subjects were combined, 70% of wholeblood samples, 56% of plasma-Catrimox samples, and 52% of plasma samples tested by Amplicor were positive for HCV RNA. Using Cochran's test for related samples to determine if there were any differences among of the groups (42), an exact P value of 0.0005 was found, suggesting that the HCV RNA detection rates of the three tests (whole blood, plasma-Catrimox, and plasma-based Amplicor) were different. Using McNemar's test for related (or correlated or matched) samples, whole blood differed from plasma-Catrimox (exact two-tailed P value, 0.0156) and whole blood differed from the Roche Amplicor test (P ϭ 0.0039) (42) . No difference was identified between plasma-Catrimox and Roche Amplicor (P ϭ 0.6875). The whole-blood-versus-Roche and the whole-blood-versusplasma comparisons were also statistically significant at the 0.05 level when the Bonferroni method was applied (to evaluate for multiple pairwise comparisons) (42) . In all instances where plasma samples were positive (by either the Roche test or our plasma test), whole blood was also positive. Thus, there was never discordance between our whole-blood test and a positive plasma test.
To determine if whole-blood-based RNA results could be confirmed in the Amplicor assay, and to verify that the wholeblood results represented true HCV infection and not falsepositive results, we utilized RNA extracted from whole blood as the template RNA in the Roche assay. As noted above, in the Roche system RNA is prepared from 100 l of plasma and then 5% of the RNA preparation is used in the assay (28) . Using equivalent concentrations of RNA prepared from whole blood, we performed additional studies of the nine wholeblood RNA-positive, Amplicor-negative subjects. RNA was prepared from the whole blood of these individuals, and the RNA was used as the template in the commercial Amplicor system. Six of these samples were from HCV antibody-negative subjects, and three were from HCV antibody-positive people. In addition, we tested RNA prepared from six subjects whose initial whole-blood RNA tested positive in our in-house assay and for whom the plasma Amplicor test was positive. These samples served as the positive controls. Table 2 demonstrates that whole-blood RNAs from all of the subjects who were positive by the plasma-based Amplicor test were positive; thus, whole-blood RNA can serve as a suitable template for amplification in the Amplicor system. However, all nine of the whole-blood RNA samples for which plasma was initially negative by the Amplicor test were also negative in the wholeblood-based Amplicor test. Thus, upon initial analysis, the whole-blood-based Amplicor results were no different from the plasma-based Amplicor results and they did not support the hypothesis that the positive whole-blood-based HCV RNA results obtained from our in-house assay represented true infection. Review of the protocols indicated that our in-house RT-PCR method uses a 10-fold-greater concentration of RNA than the Amplicor system. We therefore repeated the whole-bloodbased RNA testing of the nine samples that were negative by the Amplicor test and positive by the whole-blood-based test and the six samples that were negative by the whole-blood-and plasma-based tests from the HCV antibody-negative group of subjects, using the increased RNA concentration. Under these conditions, eight of the nine subjects (89%) who were positive in the initial whole-blood-based testing were also positive by the Roche Amplicor system (Table 2) . It is unclear why we were unable to amplify the ninth sample using the Amplicor system, although differences in PCR primers, PCR inhibition, RNA degradation, or false-positive results may account for this finding.
Importantly, all of the whole-blood RNA's that tested negative in the in-house assay also tested negative by the Roche assay, even when RNA samples derived from high volumes of whole blood were tested (n ϭ 15). RNA was also prepared from 50 l of plasma from six of the antibody-negative subjects who were positive by the whole-blood-based tests. All six of these samples were negative by the Amplicor assay, although a Results are given as number positive/total number studied (%). * andî ndicate comparisons that were statistically significant (see the text). a Standard volume utilized RNA from 5 ml of plasma or whole blood (see text). High volume utilized RNA from 50 ml of whole blood. NT, not tested.
the whole-blood-based Amplicor test was positive (data not shown). These results confirm the increased sensitivity of whole blood relative to plasma.
To further confirm that these amplified products represented unique viral isolates and were unlikely to be due to laboratory contamination, we determined the nucleotide sequences of the PCR products obtained from four antibodynegative subjects. These were compared with our laboratory positive control HCV sequence and sequences from three HCV antibody-positive subjects. The HCV 5Ј NTR is the genome region most highly conserved between isolates (35); hence, the sequence alignment of these eight isolates shown in Fig. 1 demonstrates that the isolates are distinct and do not represent our laboratory control strain of HCV. There were an average of seven mutations between isolates, or 3% of this highly conserved region. This degree of sequence heterogeneity also argues strongly against PCR artifact, as the expected rate of misincorporations with Taq polymerase is approximately 1 per 1,000 bases copied, or 0.01% (13) .
Four of the six HCV antibody-negative subjects in whom HCV RNA was detected had previously undergone liver biopsy. Using the Mann-Whitney rank sum test and the equal variance test to compare the groups (antibody-positive RNApositive, antibody-positive RNA-negative, antibody-negative RNA-positive, and antibody-negative RNA-negative groups), no differences in inflammation were found; however, the statistical power was poor due to the small number of biopsies present in three of the four groups, and the possibility of differences cannot be excluded (Table 3) . However, significantly more fibrosis was observed in the HCV RNA-positive group compared with the HCV RNA-negative group (P ϭ 0.036 [Mann-Whitney rank sum test] [SigmaStat]). This raises the possibility that antibody-negative subjects with HCV infection have more aggressive liver disease. Prospective studies are under way to address this issue.
DISCUSSION
We previously demonstrated that the Catrimox-14 wholeblood RNA extraction method provided high-quality RNA useful for detecting HCV RNA and that there is an increased concentration of HCV RNA in whole blood relative to plasma and individual blood cell compartments (30, 32, 33) . Once mixed with Catrimox-14, HCV RNA in whole blood is stable for several days at room temperature (30) . Since HCV RNA in plasma or serum is labile unless it is quickly processed and frozen at Ϫ70°C, Catrimox-14 whole-blood RNA preparation offers a practical advantage in the clinical setting over plasma assays (30) .
Whole-blood-based HCV RNA detection was previously shown to be more sensitive than plasma-based detection in HCV antibody-positive patients during interferon therapy (31, 40) . Patients in whom HCV RNA was detected at the end of therapy were significantly more likely to relapse than those with negative whole-blood-based HCV RNA tests (31, 40) ; thus, this approach may have important clinical implications. In this study, we confirmed the enhanced sensitivity of whole blood relative to plasma for HCV RNA detection in a mixed population of patients with liver disease, and we expanded previous findings by directly comparing the whole-blood-based assay with our in-house plasma-based assay and the well-validated Amplicor RT-PCR assay (28) .
Confirmation of the specificity of our assay was accomplished by demonstrating that whole-blood RNA was suitable for amplification in the commercial assay. In all but one of the subjects with a positive whole-blood-based test but a negative plasma-based test, the Roche assay was positive when the concentration of whole-blood RNA was increased. The approach of using higher volumes of sample to prepare RNA has been proven useful in other systems, specifically in HCV (15, 16) and human immunodeficiency virus (HIV) diagnostics. For example, the only difference between the "ultrasensitive" HIV RNA detection assay and the standard HIV Amplicor test is that there is a 10-fold increase in the volume of the input serum used to prepare RNA in the former (manufacturer's instructions; Roche Diagnostic Systems). The specificity of our whole-blood-based HCV RNA assay was demonstrated when HCV RNA-negative samples were negative in the Roche assay, even when higher concentrations of whole-blood RNA were used in the RT-PCRs. We also confirmed the specificity of our results by cloning and amplifying the sequences of the PCR products from several of the subjects, demonstrating that these are independent isolates and unlikely to be the result of contamination.
We previously reported that a significant proportion of HCV RNA in whole blood segregates with the cellular pellet during the preparation of plasma or serum (33) . As noted above, approximately half of the HCV in the cell pellet is adherent to the cells and not intracellular (33) . This is presumably due to the binding of immune complexes or HCV-lipid complexes to cell surfaces (17, 37) . Although technical issues, such as differences in PCR primers, could account for differences in sensitivity, we believe that the improved sensitivity found with whole blood is due to the increased concentration of virus in the cellular pellet. Since our lower limit of detection is approximately the same as, or slightly higher than, that of the Amplicor assay, the increased sensitivity does not appear to be inherent in the RT-PCR procedure. If the limit of detection is 200 copies per ml, as reported for Amplicor, the HCV viral load would have to be 200 copies per ml before each 5-l sample would be predicted to contain detectable virus (Fig. 2) . Consequently, in patients with low-level viremia (Ͻ200 copies per ml), increasing the volume of the initial sample or enhancing the concentration of virus within the sample is necessary to allow detection.
This study also expands our previous observations of HCV antibody-negative, RNA-positive disease (serosilent HCV infection). Six of 16 (38%) of our HCV antibody-negative patients were found to be infected with HCV, slightly lower than in our prior study of patients with HCV antibody-negative cryptogenic hepatitis (32) . These results are also similar to those of Dries et al., who detected HCV RNA in liver biopsy specimens in 61% of patients with cryptogenic hepatitis (12) . Although three of the six HCV RNA-positive, antibody-negative patients we identified had cryoglobulins in their sera, there were no other reasons identified to explain the failure to detect anti-HCV antibody. Thus, at least in this population, it appears that our previous findings are reproducible and HCV infection is common among individuals with chronic liver disease of undetermined etiology.
The mechanism by which the HCV isolates in these individuals avoid detection by commercial antibody tests is unclear.
Antibodies may be present in the subjects, but due to extensive sequence differences between the individual isolates and the commercial antigen, the antibodies may be different enough to prevent detection in the commercial assay. Alternatively, variation in host immune responses may lead to diminished or absent antibody production in some HCV-infected individuals. Studies are under way to evaluate why antibodies are not detected in these individuals.
In summary, this study confirms and expands our previous observations of increased HCV RNA levels in whole blood relative to plasma and demonstrates that this RNA is suitable for use in commercial diagnostic assays. The studies suggest that whole-blood-based RNA detection has increased sensitivity for detecting HCV in antibody-negative people and may therefore be important in the screening of blood donors. In addition, it has been shown to be more sensitive than plasmabased HCV RNA detection in patients receiving interferon; thus, it may prove important for the management of HCV therapy (31) . Studies to determine the rates of antibody-negative, RNA-positive HCV infection in different populations of patients and to characterize the viral isolates and immune responses of these patients are under way.
